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~Cii OF COMPRl!SSIOIVSHUCBSAND ~

IAYERS~GASES ~AT13K3HSP15)*

By J. Ackeret,F. X’el.dmnqand N. Rott

It has been knownfor at high flightveloclt~es
InsxlmdInmeaees in drag coefficientoomr. The flightmi!moity V
is masured in tams of the speedof soundas by theMach

vnumber M = -. For wing ~ofiles of usualthiCkIISSSthe inoreasea
startsat M = 0.75 to 0.85 and themaximumdm~ coefficients
maeured beoom about10 tirmsthe normalvalues.

A more thozmqjhInvestl@tiomshowsthat the dmg Inoreaseis
connectedwith largechangesin the preesuredistributionso that
the increaseis oaumd by the nomml pressuresmther thanby
skinfrictlm. The chotiwlsepressuredistribution(fig.8) for
large M showsan extensivelow.preesure‘regioncm the upper
surfbceof the wingwhe~ 100alvelocitiesconefdenabl.yexceed
sonicvelocity,followedby a suddenpressure$mp; whereassuch
$mps are not noticedfor smiler Mach mmbers, for whiohsonic
velocityIs nowhereexceeded.

It has been lmownfor sometimethatthese~uqpsare merely
RIemnn’s ccmpreseionehookewhichoaueea discontinuoustmnelticm
from eupersmic to subsohicvelocity.

Unfortunately,thereis no prospectof a possib131@ of
oaloulatingthesephenmwma on the profileIn advance,sinceone
hm to dealvIth di~ermtial equati~ whichundergobasicchanges
in chanacterat the (a prioriunknown)boundarybetweenthe sub-
smlc and euperscmicregims.
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purpose of the followingInmati@tion to examfne
more closelythe mutualInfluencesof the compression
frictionlmundaq layer8. A mqparlmn of meamre-
varioushigh-speedwind tunnelshad shownthatnot

alwaysdoes the same shockplotureappear. It was to be suspeoted
that frictioneffeatsare of importancehere,whlohhave to be
clarlfied,and the emerimentalresultsshowed,in fact,that the
shockpictureis differentfor a Wninsr thanfor a turbulent
b~~ layer- for the laminarca~ethe shockpatternIs much
more cc@ic8ted. The problemis of practicalimportancebecauseof
effortto ach~.evelow dragby meansof extensivelminar bom
layers. ~e testsweremade in the high-epeedwind tunnelof the
Institute. This tmnel has the greatadvmtage of permittingthe
detwminaticmof the Mach nunberand theReynolds nnnibereffects
sepamtely, threughprovisionfor va?@ng the densl& of the *S at
oonstsntveloci~. Only thfs sepamtkm of the effectstie it
possibleto disentanglethe phenomenasmewhat eatisfaatorlly.

The test
curved8XiS m

APPARATUSm Tw!ts

A. Test Setup

Oecticmcanslstsessentially& a nozzlewith 8
(Seefig. 1.) Its crosssectionis eveqwhere

rectangularand of urilformwidth. A portionof the lowerwall of
the nozzleIs shapedlikea wing suzzace. The upperwall of the
nozzlewas armnged so that it correspondedapproximatelyto the
course of a streamlineof the flowaboutthe wing. The whole
upperwall of the nozzleis flexlbleand can be ad$asteddurtng
the opemtlm. Becauseof the cumature of the lowerdll of the
nozzlea supersonicregiondevelopsover it at oertalnfree-stream
velocities.

The testswere carriedout in sucha mnner that smio
velocitywas not reachedover the wholenozzlemoss section.
‘Thereforea localsupersonicreglcnis obtainedwhichdoesnot
reachthe upperwall of the nozzleat say point. Becauseof an
increasedcrosssectioninnnediatel.ydownstreamof this regicm,a
coqresslon takesplace,whichgivesrise to the compressionshock.
The nozzlethen contmcts againto the minlununcrosssection. As
is known,erectlysonicvelocitywillappearat thismlnlnumcross

‘J.Ackeret,The Institutefor AercdpamLcs at the Fedeml
Acadenwfor Technolo~. (“l)as~stltut firAercdynmlk an der
Eldgen&sischenTechnischenHochschule.”) k?lttel~n aue dem
~titut f& Aerodynmik NO ● 8, ZWch 1943.
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sectionwhen the critlcal;premme mtio Ii reached. The maximum
nues flow ie, for conetmt initialconditions,proportionalto the

C#CIP
~.c~ae sectign”-. ence,the alr velocityand thereforethe
100s1Mach nunibers be simplyregulatedby.chan@ng the minimm
crosssection. Th& was alwayssufficientpowerexpendedso that
sonicvelocitywas reachedat the minlmm”croaesecttcm. Tmns- ,
missionof pressuredisturbancesfromthe followlngdiffuser
upst~ intothe test sectionwas therebyprevented. It proved
advantageous,in order to maintaina constantpositionof the
compressionshock,to breakoff the luwerwall of the nozzle
Imedietelybehindthe mhxlmuncrosesectionand to let the fluw
expandaroundthe resulthg sha~ &@.

For test seriesI to VI a platepamllel to the lowernozzle“
walJ.was placedat a d3stmce of @ tilllmetmsaboveIt; a new “
bounda~ layerdevelopedat the leadlngdge of thisplateand the
thickturbulmt bounda~ layeralongthe tmnel wall couldflow
betweenthe auxiliarypl~teani the wall of the nozzle. Thereby,
in a certdn -e of Reynoldsnumbers(corrcsmnd~ng to different
adjustmentsof the pressure)el+herlamlmr m tvrtulentboundary
layersaheadof the camprmsqon shockcouldbe produced.

For test seriesVII th:s~UX~l~~.Lyplatewes removedso that “~
the investi~tioncouldbe cerriedcut with a thickturbulent “-
boundarylayer.

B. Test Instruments

(a)Schlimen optics

The schljerene.ppamtusused has been describedbefora.2 It
worksacccrdir~to the p~.nc:.pleof the coincidencemethod”;the
path of the -s can be seen in fIgure2. A PhilipsPhilom
high-pressure-mercmyvaporlampwas usedas the ll@t source.
The scldderenkife-e~ itselfcanbe rotatedso thatpressure
gmdients In all directionsof the flow fieldcan be ?mde tisilLsJ.
The posltlonof the glasawlndouis Indicatedin figum 1. The
fieldof visionhas a d~ter of 2X milllmtme. The lj@t mys

J-..._ ___ --
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are tmnandtted throu@ the tunnel walls by nmas of 2Wnllldmeter-
thlckghss pbtes groundplanepamllel. The mya are reflectedby
a concavemirror mwnted outsideof the tu@l, having a SIlvered
s~ce and a 3000-mlllheter focallength. WM InEWEIis pro$ected
bntoa groundglassor a screen. The photographswere takenby rneam
of a ndntaturecame= on Iaicafilm.The lightintensitywas sufficient
to obtainhigh sensltiti@with film of no-l speedand exposuretimes
of 1/250 to l/5CNsecond,withmst of the li@ Winked off by the
knife-e@. These expmure timesprovedIiobe sufficientlyshortto
producesharpphotogmphs evenw%th somewhatuns%endycompression
@locks. Becauseof the conical-mypath, st.rai@tllneslocated
outsideof the oplzlc axisand pamllal to it do not appearas
points;therefmv the compwsslm ehcckswere as far as possible
adjustedso as to be In the prcrlml~ of the cptioaxis,

Ths,schlierenphoto~phs gavea clearpictureof the flow
phanomaa ~ were umd for determinationcf the locaWm cf tho
oomxpress~on shocks,fm naasuramnt of shockanglm and also of P
Wch aaglesfor detezndnin,:the velocity.

(b)PressurQmasurcmenbs

The measurementt of tti steticpressureat the waIL,partic’llarly
at the platesurfacesin the domainrf the cmpri?sslonshock Is mde
by mans of holesof O.~-tilllmeterdiameter. For instance,?6 test
holeswere povldcd on the auxil~.a~plate. Tim dist~butdon of the
staticpresaurcin the flow ItselfweQ asmrtained by meansof u+atlc-
pressureprobes. (Seefig. 7.) The mchmism whichpermitsadL@st.-
ment of threestatic-Frcssureprobesin th(’x-direc?.ionand the z-direc-
tion (fig.1) is eloctricsllyoperated. The low.1dlsturbame of tlm
flowwas smll due to tho smllnms of the static-prescumprobes.

Total-preesuxetubuswith an electricallyoperatedsd$Mment
mechanlm were also used for ncasurement,of thetotalprussure.
(Seefig. 3.) The bounda~-layer?w.xnnuwnentoweremde by means
of a ve~ ,thincurvedtotal-pressuretube,the dlmmsions of which
can be seen in figure3. Thus tho +atalpressw~ccouldbe
measumd up to O.~-nrllllfmeterdistancefrom tho wall.

The pressuresweremeasuredwitha mcrcuv-ndcromnom ter;
smalldiffemncm in pressurewere d6t0-ned by meansof an
alcoholm.ncmetur. The accumcy of tho rmdings was l/10allJ3meter s
mercuryand alcohol,rcopectivoly.

(c)Detemr!nationof the humidityof air

The air humidl@ was measuredwith a dry-bulband a wet-bulb
themameter in the largecrosssectionbehindthe aimaightening
vaneswhorethe air velocitiesare mall. Tho humldlljyin othe~plaoes
can thenbe calculatedfzlmlmowledgeof the local statoof the air.

.— .. ---- - ...-. .— .— .-— .—
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C. Method of Measurement
.,

““Iditlallytherewere dlffimiltles.mgardlng the mproducl-
bilityof the compressionshocks. Due to variousInfluences,for
instance;dllataticmsof the tunnelwallsby heating,changesin
crossseottonappeare~which@feoted the Tositlonof tha ocu%preaaicn
shock. Thereforea photogmphlcnegativeof each Investigated
CWQrS6EiOIlShOCk WM ~ tW.ld the P)?13SSUY?S distributiona “the
surfbceof the platewas measured, To reproducea oertain
coqresslanshock the pressureb the tunnelwas firstad$mted
and the tanpemture regulatedby varyingtie cooldng=tar
supp4 . After steadyconditionswere established(whichoan be
ascertainedby meansof a varlometer)the positionof the shock
was ad~usted,with the aid of the negativeand the measured
pressuredlstributton,~ varyingthe mlnlmumnozzlecrosssection.
Measurementsoouldthenbe oontinuedas longas necessa~ without
~ noticeablechangein the flow condlticmin the tunnel.
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SYMBOLSAND BASICEQUATIOWS

1. Syniboband Dimend 013S

absolutestatlc pressure,kilogzwmsper mete#

S* ~tlon ymessure,kllogxwumpermeter2

pressure

Crltlcal

absolute

ab~olrute

at restmeasuredwith pitottube,kllogmmper moter2

pressure,kilogxwmpermete#

tempen3ture,%lvin

stagnationtempemture,%elvln

4air density,kllo~m-second2.meter

specifioweight(= @), k~(lognansper meter3 “

viscoeltyof air, kilo~second per meter2

()
kinemtlc tiecoei~, = ~ . meters2per second

air veloolty,meters.per second

air v’elocityoutsideof.the bounda~ layer,~ters per second

sale velocity(local),meternper second

— — ---- .. -”. ..—
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critioalsonicvelooity,internper seocd

Koh nuniber(looal)

Mach number (referredto a*)

speolflcheats, (k Cal/k#)

Cp /+ = 1.4 for air

gas comtat = 29.27for ~ air, matemper degree

mechanicalheat equivalent= l/4!2y,(k Cal/*B)

thickness of the bounda~ layer

displacementthickness
1,

J
equations(I-O)and (lJ.)

mcmlentlmlthlcluless

d~rectionof the schlierenlmife-edgevertioal

directionof the schliemn lmife-edgehorlmn-1

directionof flow

The poslthns of the pointsof measurement
the coordinateWstem x, z shownIn figure1.

were

with

2. The ReynoldsIhmibers

were referred to

For ccxparleonof the teststhe followingtwoReynoldsnunibers
introduced:

(e)Reynoldsnumberfor the testswith auxilia~ plate: Re7 = ~

U end V representingthe localvsluesfor the
point x = 106.5ml-~imeters-Immediate= outsideof the bmndery
layer. Z 1s lengthof the aUlliarjJplate= O.5% =ter.

(b)Re5**= ~- : Re~l.ds numberformedfmm the undisturbed
v

velocity,the correspondingklnematlcviscositysnd the boundary.
leyermmentum thicknessImmediately@sad of the firstcompression
shock.
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3. The Mach
.. .,,. . .. . ...

The hkmh numbersgivenfor the

7

Ihmibers

se~rate “tebt“ie’fi&-s’8*the
localvaluesImmediatelyaheadof the firstcompreealonshockat
the didance of the boundary.layerthicknessfromthe wall surface.

k. Detezmlnatlcmof Velocity,Tempexwdmre,and Density

The staticpressure p and the pltotpressure ~ were
measuredat evezytestpoint. For subsonicflow ~ equalsthe

~taetlon PrSSS~ P. which Is obtainedthroughadiabstic
ccmrpresslonto zerovelocity. For supersonicflow the compression
occurspartia13.ythrou@ a normalshock,thusnot adiabatically.
Thereforeone obtainsaccordingto whetherthe localMach nuuiberM
Is snd.leror largerthan 1:

(1)

(2)

The two curves glvsnby the aboveformlas meet for M = 1 with
continuoustangentand curvature.Formula(1)or (2)is used
accordl~ to whetherthe mtio p/pp is largeror smiler than the
Crltiml pressurezlatio:

. 4R. Sauer,Gas Dynamics(WG&ynamik .“) Springer1943,
pp. 8 and 79.
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The reliticm (1) can be solvedfor

whereasfor equat~on(2)an interpolation

For stagnationof the flow, (noheat

whera To Is the stagnationtempez’ature.
followsfrom It:

.

11
1

has to be used..

addedor remved)

I?y

M2$ =glmo –J2— .=a 2
o’ -

1 + ~+% 1 + %342

(l(a))

(3)

thera

&ccord!ng

(h)

of w accordingto (4)the s%gnation tempemture To must also
be lmown.

ti the presenttests To was nmaauredat a sir@e place
-(at smll velocity). To remainsconstantIn adiabaticflowand
throughshocksso that thismeesuremcntis sufffctentfor determi-
nationsof velocl~ outsldaof the bounda~ kyer.

Accofi~~ to hSEIIWEl6 the slxptfon temperatureTo Is also
conslxmteveqwhere h the boundaq layer,if the boundarylayeris

‘A. Busmnann,Gas Qjmemics,in %endbook of Experimental
~SiCS” (“Gas_’.k, “ in “Bkndbuchder Experlmentalphysik”)of
wim-m~, VO1. ~, 1,“p.365,bipzig 1931.-Ccmparoalso
A. Stodola,Contributionsto“theTheoryof theHeat T?ansforof
lXquldsor Gases to SolldWnllsj (“ZurTheo@.edesTT&mw\>e~_s
von FlbsigkeitenoderGasenan festmW&n&”), Sohweiz. Bauzeltung,
Vol. 88, p. 243, 1926.
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P-tl nuuiberu =
.
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-mr !l!O= constant Is vafidcnilywhen the

‘!! equals1. ~ both casesone has to
h .-.

presumethatheat is neithereddednor escapingthrou@ the wall,
whichshouldbe tzuefor the p~esenttests. For a~r,however,
a doesnot eGualexactly1 (a - 0.7). Pohlhauaen lnve~tl~tedby
calculatimthe deviationsfrom To = constantIn the ls~r
bounda~ layerwhlch originatebecauseof u ~ 1. It appears .
that the influenceof a + 1 for air upon the teteminatlonof
velocityti the lamlnarbmmda~ layerIs alight. For simpllfl-
cation,all calcuhtionethereforeweretie for To = constant.

With‘theassumption To = ccmstant wlthlnand outsideof the
bounda~ layertherefoll~ - (3) the tempemture T at any
point:

Fins1P, the densityresultsfmxu the equat:on of state

“i!%

5. The Boundarykyer for Ccxgpressible

The mmnentumequathm of the bound8v lc~er

[f

6 8
d

%
Pwdy-& pw2&w-&.To

o Jo

(5)

(6)

Flow

(7)

%. Pohlhausen,The HeatExchangebetweenSolidB~%e~ and
Idquld.swith~~ HYlothn and Smll Heat“Tmmefer.
WameaustauschzwischenfestenK&pern und Fl&st@ceitenmlt
klelnerReibungund Helner W&rmeleitung”)ZA .M.M.,Vol. 1,
pp ● 115-121,1X1. More recentauthorsconsideralso the Influenoe
of the pressuregnadientoutsideof the b~ layerupcm the
tompemture dletrlbution;compam for instance,A. R. Tifford,
Journalof theAmmnauticalSciences,Vol. 12, p. 241, 1945,where
furtherreferencescan be found.

.—.--— .—. -— .— .-
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is also validin the aboveform for compressibleflow. For the
flow outsideof the boundav leyerthe differentialformbf “
Bernoulli~s equationIs valid;thus

witJI ~ reFresentlngthe densityat the edgs of the boundary

layer. One can writethe bounda~-layer~omentumequation(7)
elso for compressibleflow in Gruschwitz’ fozmwith the aid I
of (8)and us= the identity .%

#

However, p will not be
case,ti ~ wllJ be a

where & is the dispkcementthickness:

and &I+ the mnmentumthickness

/

&** . -#e
%

o

(10))-Q II*
Pu u

();1-; * (11)

7E. Gruschwitz,The Turbulentlhlctlonhayor in Tuu-Dimensional
flow l“DleturbulenceRelbungsachlchtin ebenerStr&nung”). ~nleur-
Aroh?.v,Vol. 2, p . 321, 1931.

. . . . . -.—.——— ..—--— — --- -- _——— .-— —
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For p=%= constantone obtainsa-in the knownequation
● . ‘and“theformerdsflnlt~onOF W and & for jncagqmesslble .

flow.

i“ Displacementthicknessand momentumthicknesswere calculated
a~oordlngto the fomulas (10)and (11); a dstermlnatlonof the
shearstressat the wall To with the aid of equation(9)was
also attempted.

.

The chamcterlstlcdata of the flow me:

F!kasuredzmmedletely
uih=dof the firat
cmqmess?.onshock

Boundarylayeraheadof the shock: leminar

Becauseof Ite shepethe compressionshockinvestigatedIn
this test serfeswas desl,g+.edwith +AeGreek k. (Seef16. 4.)

Compressionshocksof a shilar naturealso were obsemed In
othertests,for instance,in de HallerfsInvestlgatlonof wlngse.

A. The pressurefield

The measureddistributionof the staticpressureat vatious
distancesfrom the wqll 1s shownIn figure5, In Whichthe curves
P/PO = f(x)~ am pktted. The critical-pressuremtio p*/p. for

whiche~ctly sanlcvelocityexistswas drownIn a dash-dottedMne.

. ,> -., ,

8P. de Hailer,l.c.p. h4.
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The pressurefield
supemonlc.reglm. The

givesinformationaboutthe
zoneof 8upersonlcveloci~

HACA WHO. ~3’

extentof the
beginsnear

&wallat x -72 millimeters. ~ pressuredletrlbutlonat the
surface(z = O millimeters)showsa fu-i-therdecreasein pressure
down to the point x -154 millimeterswhere the lowestpressureIs s
reachedwith p/P. = 0.?9. The Mach mmibercomespond.lngto tldsc
=he IS M = 1.225. -diately afterwardstherestartsthe obllme
compressionshockwhichcan alsobe seen In the schliemn phot-o~ph.
The pressureincreasecausedby it Is relativdy mull: the pressure
gmdient dp~dx also is smll. ThIa behaviourcanbe seenalso h .
the schlierenplibtogzaph.

The obliqudcompressicmshockcanbe furkherobservedwith the ‘
aid of the pressuremeasurementsat t!hedistancesfrom the wall
z = 20, 40, and 60 milMmeters. At &bout z = 80 millimetersit
meetsthe min shock.

Startingat x -205 milllmetem a furtherincreasein pressure
of lar~eImgnltudetakesplaceon the platesurface. It amountsto
about36 percentof the nax?mumpressuredrop. It is remarkable
that this compressionat the pletc mmface doesnot occurwith a
shock.

Outsideof tho bounda~ layer,at x -215 mllllmetezwthe
schlierenphoto~ph and the pressure-dlstrlbutloncurvesshowa
st~ CQIWSSiOll shockwhichleadsto subsoniovelocit#. Bcundev
kyer measurementsdemonetmte thatthis shockpz’otmudasintothe
outerpart of the frlctlonlayeras far as supersonicvd.oclty
exists. It shouldbe notedthat the schlienn photo~ph doesnot‘.~’-
showthe totalboundqy-leyerthickness.The beginnhg of the
darkeningin the pictureliesw??ezwa gmdient In the temperature
profileof the boundarylayerappearscad,consequently,the mximum
air-denei@ gmdieds occur. However,thesedarkareas lie,as.
shownby the measurements,withinthe bcnmde~ layer. Therefore,
the frictionlayeris thickerthan It appearsIn the schlleren
photo~ph .

One must dlstingzlshtwo zonesin the boundarglayer,one
near the wall in whichthe velocityincreasesfrcm O up to
sonicvelocity,and an ad$oinhg one in whichthe velocityfurther
increasesup to the undisturbedsupersotic veloci.~ U. It is
possiblethat ccaqnxmsionshocksmy occurIn the outerthin zone
of the bounda~ layerwhereasthe pressw’eIncreasesIn the inner
layertakeplacecontinuously.As pressuremeasurementsshow,
the Intensityof,the c~resslon shockdecreaseson enteringthe .
outerzoneof the boundaryleyeraccofiinqto the decreasing
velocities.In the s’lksonlc zoneof the frictionlayernear the
wall the beckpressurecanbe pr@agated upstreambeyondthe min

.

..- -- 1
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shook. Therebya continuma pressurefncreasedevelopswhich
L startsaheQ of the min shockand doesnot rea~ the pressureof 1’
I

i
L

the undist~bed flowunti1 fikitivbw‘firbehindthe =In--shncls.“
From thisfact thereresultswith~nthe bounda~ a“er ahead I

of the cqpresslcmshocka pressuredrop towardthe outsideand
behindthe compressionshocka preesuredrop towafithe inside.
(Seefig,6.) The changesin densi~ whjch thusoriginateare
vlsiblsYm the schlierenphotogmph of figne h In the shape of a
black1- startlnGat the obllqueshockand fl.ncllnedtowa@s the
surface. -

With incrgaslngdistancefrom the w U. the Intensit#of the
main shockdecreases,correspondingto the decreasingvelocltles.
Where the veloc~ty justreacheslocalsonicvelocitythe m=ln shock
is tmnsfo-d Intoan adia%atlc c~reesion. Thezwfore,the
entiresupersonicregionfrom the wall to Its outerboundarygoes
over intoa subsonicveloci~ regionby meansof tha main shock.
It is peculiarthata rerwmd expansicnto superson+.cvelocity
takesplaceafterthis compressl.onshcckbe%een the bounda~
layerand a distancefrczuthe wall z - 15tilJAmcters~as is’
shown@ the schlicrenp~otogra~ and the presaurodistribution
curves. This sumllzonoof mufiemon:cvelocltyIs boundedin the
directionof the flowby a fuzlbi’sm.11conrpresslonshock. It
co’~ldnnt bg clarlfledwhetherthis secondexpanslon Is duo to the
behaviourof the boundarylayeror to tho curvat.uzeof the plate.
The fact 3s thatthe expapshn gradua~v disappearswhen theMach
numberIs lncre~S4 and +he mti shockthere~ shiflxddownstream.
A simpleprooffor the real~tyof this seconde2qansion “post
expansim’f(besidesthe pressuremasurements and tho strong
brightening In the schlimen photog.mph)Is the prcmmce of Mach
waves In this regioncausedby a srmlldlsturbcncs(pitot.tulm
tip). The Mach anQes fozmcdtherebygivepractltallythe sqme
Mach Vm!iborthat can be calculatedfzum the pressuremeasurements.

The entirepressurefieldnay be represent.edby ~sobars.
(Seefig. 7.) One can see here clearlytha relativelysmll presmze
@ent ~ IXWSSUZ’Orise In the obliquocompressionshockas
compred to the much largervaluesof the main shock. The zone
of eupmsmlc velocitybohlndthe lwdn shockand also thG following
smallcompressionshockare clearlyvisible. one can follow
furtheia the flattem of the steeppressurefise in the min shock
throughthe bounda~ tiyer.

h addition1% shouldbe notedthatthe p%ssiire-mbasmemnts
showmther goodagreementwith theschliemn photogmphs. Even
am 11 pressuregmdients can be IKMM tisibleas dariosniqjor
brighteningif the directionof the schlierenknife-edgeIs
fhvoumble.

.
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The pressure-distrlbuticmmeamreznentaby de“Bhllerare
mention% for comparisonwith teat series1. Figure9 showsthe
compressionqhockon the upper side (Oj’of a wing of lo-percent
thlcl&ess.The Mach nuniberof the free.streamvelocityIs O.8~.
The achlierenphotographof the conqmessionshockand the pressure
distributionmeas~ at the outiaceshowa slmllarbehaviour
elmllarto thatfoundin test series1. Here a~in an obklque
shockextendsfrom the surfe.ce,whichmeets themati shockat a
certaindistancefrom the bounda~. Behindthe main shocka
lighteningof the schUeren photo@aph can alsobe ascmtainod
outsideof the boundaq leq~ercozn’espondingto a pressurereductton.
~tel.y followlng is anothercompressionin the flow direction.

B. The boundaqy-layer beha@.our

In orderto l.nvestt@te+Ae mutualinfluenceof compression
shockand boundarylayer,$Mtic and totalFressuresin the
bounda~ layerweremeasured.

Sevezalcharacteristicbounda~-~-er prof119sare plotted
in figure9. The velocltles,referredto the criticalvelocity a*,
as functionof the distancofrom rhe %=11 z, are plotted. The
dIsplacementthichneascalculatedfrom thesomeasuraments can be
seenfrom fibqxre10. The measurement.eind~.cat~a luminarImundam
layershetiof the A-shock. The Rewmoldsnumberat the
point x = 145mllllrmters,refe~d to tho momcntwmthicknessand
the undfstur~d flow velocity,~a ~. From the point x - lWJmil-
limeters,that is, from the sAtartingFeintof ‘#heobliqueshock,the
bounda~ ~’er be#ns to thlcken In the shaFeof e.WGdqe. Th4s
phencmmon can alsobe men In the sChliGrSnphotographof figurek.
The velocityprofilesperte~tin.qto +hlsridgeshowiwvorsedflow
at the wallwhichdisplacesthn lamlnsrle~erfrom the w1l. The
displacementthickness 5* increasedapnroxlmt~~vlinearlyin
this region.

The transithn to turbulentboundarylayersta~.sdownstream,
at about x = 1% mllltitem. The boundarylay9rthickens cm-
siderablybecauseof the~gressureriae s“~rtingthere. T&3
displacementthickness i~rgaees b~t~~n x = 145millimeters
and x= 250millimetersto 10 times~ts value;the sameholds
truefor the nmmentumthiclmcss 5+. Considerablevariaticms
mtth tim of the totalpressurecan le uoticedin this
bounda~ layerdufi.~thetests, whereast% etatlcpmesure
ramins ratlmrconstantwith tlm.
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l’or the
were teken:

(a)The

(b)The

(c)The
albsplacement

C. The obliqueshock

.. ----- --...
obliqueccxqpreasicmshockthe foll&bg m&&emen ts

pressurerise

shockangle u

AP (bypr0B8UrS

(takenfrlimthe

.

measwement)

elchlieren photogmph)

deflectia angle $ (givenby the courseof the
thickness, thusby bounda~.layermeammmnts)

The obliquecompressionshockis uniquelyde$enulnedby one
cf thesethreedinm.sicnsto~ther with the”conditionbeforethe
shockwhich is also knownfrommea.surments.ThUS thg possibility
of severalchecksis obtninpd.

The basicequationsof the c~reseicn ~hocksaro tranafdmed
intothe equatlcn

The subscript
equation(12)

An
E = &l:lQaln~u - 1) (w)

1 rePer~to the cotitlonbeforethe shock. The
givesfmm +he mensured Ap, th~ valus u = 54.80,

whichagreesverJwellwith the shockan& in the ~hlieren -
photograph.

For-thedeflectionangle $ one cbtalnsfrom the conttnulty
equationg (subscript2:. ccndltionafterthe shock)

%
~= tan%% (13)

,- —— —— .

%’or instance,R. Sauer,Gas Dynamics(“(kmdynamik.“)
s~rin.ger1943, pp. 63-66.

.—- .- —.. —. .—. . —.. .—.-
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‘which,to~ther @th H-ot’a relation

~+k+lpe——
P2 k -lp~
—a—
PI k+l P2

k- l+;l

(14)

makelsthe Calculatdm of $ frcirnthe pressuresand the shockangle
possible. For the presentcasethe resultis $ = 1.90. On the
otherhand a flow deflectionof about2° wma afioertaineddue to the
wedgeshapedthlcken~ngof tho boundarylayeret the point
x U li~5 ~lli~tersc l’hia result also is R suppo~tingfactfor the
assumptionthatthe obliquecorwrossicnshockat +&e k-shockis
an effectof the flow deflectionby the boundarylayer.

D. The shocklosses

The k-shockconsistseseent!ell.yof the main ehockand ‘&e
obllquecompressionshock. From the lawsconcerningth~ meeting
of verlousshockst.he~efollowsthatt.h streamlinepassinEthrough
the ~ntersectionof the main shockand the obllqur?c~~rosslon
shockcontelhsa vortexleyerin its dowmtream parb . The con-
ditionsthat the velocitydirectionscre parallelani “thatth~ snm
Fressuresox5sthold for the re~:ionshmdlately abo-:eend below
the vortexlayer. Th~ velocitymgnltudes are no(,equaldue to
mequal shocklosswhichis the reasonfor tho formationof the
vortexlayer.

Since time rewultsa shockintensitycontinuouslyvary~~-;
with distencofmn Ihe we].1et the h-shock,the shocklossis
CISO variable,and the subsequentflowwill thereforeno longor
he .frm of voitices.

The “totalpressure
mammal at the pcint x
Uetmlc(=from the wall.

hX4° 01’“shockbss” Pn - ~ waa
= 261 ndlllmctersas a funct~onof the
(Seefig. 11.) -diate~ abovethe

10E. Preiswerk,Applicationof Gas DynamicMethodsto Water .
FlowswithIRreeSurface. (“linwcMq gasdyntmj etherMethodenauf
Wasseretr%mungenmlt freierOberflliche.”) Mitteilungenaus dcra
InstltutfirAerodynamlk,ITo.7, Z&tch 193~,p. 88.
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surface there is a high totalpressurelossas a result.of the
ene~ loss In the sepamatedbx~ ~er. In-we outer-supersonlo
reglcmof the frlotkm layera part of the shookloss1s added.
Outsideof the boundarylayerthere.erLststail.ypure shock loss.
Due to the maqpressionti two stagesthis totalpressureloss~
to z = 80 millhnetersis not as largeas if the c~ression had
takenplaoe in a slngl.ecczqpressionshock. On the basisof this
consldemtionthe secondmsximum.of the totalpressurelossnear
z = 80 millimetersalso Is expldned shoe from them on the mm-
presslontakesplacein one singlestrongshook. This pressure
lossalso is reducedtowardthe outsidewherethe stickintensi~
Is low. It is possibletooaloulatethe-shocklossesfmm the
dlstrlbutlonof the staticpressure. The resultsthus obtained
agreewell with the e~erlmentalvaluesoutsideof z = &l milli-
meters;below s -80 millimeterstheyare about SIXpercent
largerthan the measuredshockloss.

Characteristicde+A:

Rel -1.325 X 106- constant

M variablefrom 1.106to 1.250

Boundaq layerin frontof the shock: lamlnar

In this test scm?~sthe influenceof the Mach nuriierupon the
k-shockwas Invostfl@ted. The Reymolds numberIs approxlnmtely
the samefor all tests. As aheady menthned, the variationof
theMach nuniberwas obtainedby ohanghg the @dmum crosssection
at tho end of the nozzle.

The ~hlieren photographs(fig.U!) showthe re~rkable
phenomenonthat for smallMaoh numberssevezal X-shocksocourin
succession. The extmsiai of the successiveshocksdeoreasesIn the
flow direction.

For Increasinghch numberthe compressionshocksincrease
cormspomd3ngto the growthof the supenmnlc velocityregion..
Howeverjas the extenticmof the compressionshocksInoreases
Wir nmer decreasas.Thereresultfor instanoefor:

M = 101.06 ‘6 to 7 C~7?et3Si011ShOCkS

M = 1.204 2 C~l%SSfOIl ShOCkS .

M = 1.240 and beycmdthatnumberonly 1 X-shock

—.. . —— —-—. ..— ._. . .— - .
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A. The premmre-dietrlbution

E40A

mmurments

ml 190*lJJ3

The mat ~ortant measurementmwere the dlatributiculof
the staticpressiuwat the plate smxtace. (Seefig. 13.) First
of all thesepressureourvesshow that the caywsshn In stages
(correspondingto “themultipleshooksldoes not a~ear at the
plate itself. The sepazate-U. unsteadypressureInoreases
oannotexistIn the eubscuxicveloci~ regionof the boundary
~er. “A slightpressurerise In the flow directiontakesplace
at the wall at the petitwherethe firstobllqueocmpressionshook
outeldeof the lamlnarbounda~ layerocours. Afte?.wardethe
pressureIs almostoonstantfor a shortdietan6e. Followlngthis
firstrisea largerrise in pressuretakesplace. The seocmd
pressurerlae startssldghtlyahead of the last of the seveml
k-shocksand dies off somedis~ce behindit. The gmdlent of
the secondcc$npressionInoreasesvisiblywith decreasingB&h
number. This lnoreaseis caused.by the reductionof the thickening
of the lmunda~ layerat thispointwith decreasing~ch numler
and by the fact that the sonlc speedbounda~ in the friction
layerllesnearerto the stiace of the plate.

For the Maoh number M = 1.191 the pressuredistributionwas
measuredat the wall and at a didanoe of z = 20 mllllmters.
(Seefig. 14.) At the surfaceof the plate thereresultsthe
pressuredlstrlbutlonexplainedabove,whereasat the distanoe
z = 20 millimetersa pressI~mdistributionwas masured whioh
correspondedto the schliemn photograph;that is, tho sepamte
pressurewavesare clearlyvisible. At z = ~ mititors, the
first h-shockoausesa ccuupresslonof p/p. = O.k8 to 0.557,
that 1s, a compression to subsonicvelocity. Followhg it
anotherexpansionto supersmlc velocitytakesplace. The pressure
rise h the second k-shcmk~.ssmallerthan in the firstone end
the followinge~slon Justreachessonicvelocity. The third
shook,together.with the continuouscwrpressirmfolloulngIt, yield
a pressureriseup to the back
oanbe observedfor otherMach

B. The behaviour

Onlya few bowdazy-layer
testseries. In the zwglonof

pressure. Amlog6us behavloui
nuuibers.

of the boundarylayer

profilesUwre +inoludedin W s
theMaoh nunibersconsideredin

* this easearound M = 1 the flow is very sensitiveto ohangesIn
crosssection. The inserticmof a boundary~er totalpressure
tube Intothe frictionlayerwhichIS about 1 mititer thick
stronglyInfluencesthe flow so thatthe resultsare hot va~
reliable. However,the sohlierenphotognqjhspermitvarious
Conclusionsto
layerfor the

be dnwn; nmreover,the behvlour of the boundmy
A-shock at M = 1.225IS known. (Seeteat seriesI.)

.— ——.. ,— ,,
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The schlierenphotographsshowthat- essmltlallya wedgellke
thiclmnlngof.the lamlnarbcunda~ layera@n develops. The
~ Btirt8tith the firstobliquesiockaidextends-Inthe-
directionof tJw flawto the subscdc ngicm. The extent“ofthe
Influenceof the sepamte compz’esaicnshocksand the ~ione
followingthemupon the Mundarg.lqer thicknesscouldnot be
determined.The lengthof the wedgeincreasesmmswhat with
IncreasingMach number.

The tminsltionpointM. the boundmy aver coincidesmther
acc~tely with the begltilngof the eteeppressureriseat the
wall. b some casesa mmll expansbn was obaemed In frontof
thispressurerise.

C. Slmllarobservations

The Investi@tlcmsof wingsby de Hailerresultin the same
behavlcurof the k-shockfor ennllMach numbers.

Fi&re 15 showsthe schlierenphotographand the premure
distributionof a Wing fo~ a = -1.6~ and M = 0.845 (ofthe
fl’e~-streamVdoclty). Due to the negativeangleof attacklarger
excessvelocltieecrlginatoon the Ioworsideof the wing than on
the upperaide. The localMach numbersimmediatelyIn frcmtof
the firstshock are M = 1.?2 bdow and M = 1.16 above.
The k-~ocks are, ~n agreementwith the resultsof test seriesII,
largerbut lessnumerouson the lowerthan on the upper side.

Chamacterletic

Teet SeriesIII

data:

.-

Bounda~ layeraheadof the shock: turbulent

The testcondltiopsof the test seriesIII are apartfrm the
higherRopolds nuniberexactly& sameas the’ddndltioneof test
series1. In particular,the Mach numbersof the free-stream
velocitywith respectto the auxlnary plateare equalfor both
cases. Therefore,deviationsb the resultsobtainedare excluelve~
due to the changeof theReynoldsnumber.

.—— — —---. -.
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A omqarimn Of
wlththeone of the

the Stihllez%nphoto,~ph obtdned (flg. 1.6)
k-shookfrcuntest serlsa1 showstwomain

ohamcteyistlca. “F:ret of all, the obliquecc.expression shock,
looatedrelativelyfir ah-d of the main shock,is mlsalng. ~
Second,it is to be notedthat the buunda~ layeris thickened
to a mch lessdegreehy the compressionshock.

A. The pressuremeasurements

The meaeuremente of the staticpre&mre were oarrledout In
the sameway as in test seriesI. The curves p/p. = f(x)~ can

he seenfromfigure17.

The flow ems at the sur&oe of the plate to a point “
i-lately in frontof the min shook. Due to thu lack of the
obllqueocmpreseionshock,therefore,largerexcessvelooitles
and cormmpcmd@gly largerMach numbersare reachedaheadof the
shookfor the samefrsc-streamvelooity. !!lhofirstpart of the
coqresslonmeasuredaftozwa~dsat the surPaceis considerably
etronger.than for +&e k-shook;subsequontly$however,its ~iente
becomeamllm. The Fremure rlse talclngplaceat the wll
awmnts to about41 prcent of thennx!mum preeeure@ent
abad of the shock. The pressuredistributionsIn the fluw
directionfor variousdLstanoesfmm the wall resultin very
st~ cmp=ssf one t.hrcughthe compressionshock. It mat also
be takenintoconsldemtionhero +ht the st,rcnggradients
probablyme slightlywsakenedet the moasuri~ probebeoauseof
the boundary~er in a similarnamer as at bheylat~ surface
itself. It Is thereforepobable that the conqmwsion In the
shockta%ssplace on an even smallersectionthanwas measured;
this can elso be seenfrom the schlierenphotogmph.

As expansion cccursImmed?.atclybehindthe compressionshock
for the yrossuredlstributionsat z = 1<, 30, and 47 millimeters.
It is strong-stat smalldtstancesfrom the wall and decreases
with inoreasf~ z. Above z -75 millimetersthis eqmnslon is no
longerpresent. For senslt~ve ad~ustmentof the schlimen knlfe-
e~e e br?.ghtmdw couldbe ascertainedin tho schlierenphotograph
at t% 2.cc2T,lonof the expansion.The pressureU etrlbutlomwere
dot.cmi.”.cdby rwa~ of threudifferent.measuringprobesin orderto
ascerl”a~na possibleto+~lpressuretube effecton thosephenomena.
Hovev~r,all threemeasurementsresultedh the samedls~buticm.
An e~lamticm of thisphenomencmwas attemptedin the last
chapt6r.
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~ this ease8s
rise oanbe observed
x - 1* ti131EBt0r8,
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well as for the X-shockE contlnuouepressure
wlthlnthe boundaqylayer. It startsat
that 1s,..about14 mi~$qetprs @ frontof the

shock. The finalp%seure is reaahe~et x -260 mifitem, thus
m milllmeterabehindthe shock. From thistherea@n results
wlthtithebounda~ layerIn”frontof the shooka pressuregadient
outwardsand behindthe shocka gmdlent tiwafie. (Seefig. 18.)
The densityohan@s thus createdam shownh the schllerenphoto.
~Ph (fig.M) In we shapeof a weakbhck llne Inollnedout-.
The pnmmre risewhichextendsupstreambeyondthe compression
shockwlthlntho boundarylayeralso oansesfor thle case’a
thickeningof theboundaw layer. The flowdeflectionthus created
heroa~ln leadsto a smallolllqueoompreselonshocklooatedonlya
littleahead. (Seefig. 16.) Pressuremeasurementsin this zone
werenot possiblebeoauseof its mMUJ.extent,

!

B. Behavlourof the bounda~ layer

The lounda~-layerbehaviourwas a@n determlnodby means
of pressuremeasurements.Seveml characteristicvelocltyprofiles
are p-resentedin figure 19.

The bounda~ laXerIn frontof the campresslonshockis in a
turbulentflow condition.Due to the e~lm in frontof the
shockthe boundary-layerprofIlestherebecomemore convex. The
Re.~io.ldsnuber, referredto the mcmmntumthickneeaand the
correcpondlngundisturbedvelocity,is 1478Imedlatelyaheadof
the G~lY18SiOIlshock.

The lmunda~ layerIs thickenedby the ccmnpressionshock
outsideof It. In contmst reversedflow couldnot be amex-tained
at any point. Tho behatiourof the momentumthickness @ and the
displacementthickness 5* is plottedas a functionof x In, figure20. &* increases4.8 t-s from x u 140mil~ters to
x . 2~ ~~te~, ~e~as 5- in the ssmedistanceInoreases
frm 0.215 millimetersto O .8w millimeters.Thersfom, the
boundary@yer thickensfor this caseconsldemblylessthan for
the correapondlng}-shockfor which 5* and ~ Increase
approxlmtely10 times. This fact oan alsobe reallzedfrom the
ech~eren photogzuph.AnothernotablefactfOr the Fressure
measurementsIn the bounda~ lsyerbehindthe shockwas that In
contmastto the k-shockno fluctuationulth

b, pZWSSlllWwerenoticeable.

In tition, a oaloulatlonof the shear
To frm the boundarylayereqmtlon (9)was
are plottedin flgu~ 20 as funotlonsof x,

tim of the total

etresaesat the wall
atteimptkd. The values
The curveshowsan

I .



22 lwcA !LMNo. IU3

incrame of the shear stressesat the wall In frcmtof the ccnn-
premslonshook,then-titicreaee(dueto the pressurerise)and
thena~ln a gradualIncrease.“

C. The total preesurs losses In the ocmqumwion shock

The measuredtotalpressureloss PO - pp of tie c~nsaim

shook1s to be seen In figure21. Correspond-=to the intsnsl@
of the coqreesion shockthe pre”ssurelossesIncreasewith
decreasing z. Withinthe bounda~ layerone findsthe losses
causedby friction. b the supersonicre@cm of the boundam
layerthe measurementgivesthe sum of shockand frictionlosses.

Test SeriesIV

Chamcterlatlcdata:

M = l.l to 1.4 ~~~a~le

ReZ - 2,700x J& Cons+at

Boundwy layer In frontof the shock: turbulent

In analogy to test seriesII theMach numberis varletlat
constantRe~lds number. k contrastto the k-shockfor a
lamhar boundaqy@ei* ~ multiplecompress~on shocksdevelop
now evenfor smallMch numbers;the compressionalsmystakes
pkce in a single stage.

F~gure 22 showsthe schlierenphotographsfor M = 1.1.2,
1.26,and 1.31;the preesurodistributionspertainingto it at the
surfaceof the @ate are plottodh ftgurs23. Schlieron@oto.
gmphs as well as pressure
for varloueMch nunibers.

alstributlons

Test SorlosV

showa sjmilar oourse

Chamcterlstlcdata:

Moh numberof the free streamvelocityconstant

Rez = 1.3X 106 to 2.7X 106 variable

Boundaq layerin frontof the shock: for transitionfmm lamhxir
Intoturbulent.
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h this teat seriesthe influenceof the R~lds mxtlberupon
the c~esalon shockwas Inveeti@ted. “Rez was variedoontlnuously
00 that‘tlie“tmihslt$hfrom‘Iamlnarto’tuz%ulent.bo@aIIY Mpr In
front of the oaqression @ock could be observed.

The change of the Reynolds, number was 9ffeated
pressursand therebythe“airdensityin the tunnel.
telupemtureIn the tunnel-S kept Oonstentso tnat
numb-er,.of the free-stresmvelocityof the auxiliary
unchanged.

by va~lng the
Meanwhilethe

the 14?Lch
‘plate relmlned

The L@3clc formsthe firstsib.~eotof the ~erlnwmts as in
test seriesS!;subsequently,the Reynoldsnuniberwas Increasedstep
by step. Figure24 containsthe Schlierenphotogmphs for the
followlng eynoldsnumbers:

?
Rel - 1325 X 106 1.570 106,

#1.781X 10 , 2.020X 106,P.261X lo~zand 2.661X 10 .

The pressurenwasumments showthnt the transitlrmfrom
Imuinar to turbulentboundarylayerIn flwntof the compression
shocktakesplacediscontinuously.l%eroare placeson tho plate
where, due to disturbanceon th Yurfcco, the turbul=ce a~pears
someutitsoonerthanat otherpoints. Sincethr!soh12.erenphoto-
~ph repmsmts all compressiontiki~ pbce over the entire
wtdthof the tunnelcne cnn reco@ze both c~resslon shocks
In a cartalnregionof theReynoldsnumlmrs. From the seriesof
schllorc.nphoto~phs one can clearlyrecogmlzs the tmnsltlon
b~twcen +he two typesof compressionshock. The obliqueccnn-
Preeslonshockof the h-shockgraduallydisappear for Increasing
Reamlds numbm. The part of the ?mIn shockad.~oiningthe oblique
shocktowardsthe outsider(-ins Imchangtid.

Sllmaltaneoua~vwith the disappearanceof the obliqueshock
which is locatedrelativelyfar ahead,the mln shockbecomasan
unbrokensllghtlycurvedllnewhichextendsto the proxlmltyof
the plate surface. At the baae of this shocka small.obllque“
compressionshockstill~~ns, as was alreadyshownIn test
seriesII: It is clearlyvisibleti the achllerenphotographs.
However,not cmly the influenceof the c- In bounda~dayer
conditionupon the compressionshockIs shornbut alao tbe
differentbehatiourof the frjctlonlayerchengjngits flow con-
dltlonwltb respectto ths ocmqmessionshock. The decreaseof
the thickeningof thetmunda~ layerfor $ncreasingRe~lds
nuniberIs yeqy dlstlnct.
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A. The PI%S8LU’S mea~ te

Differentpreasum dlstrlbutimeresultcorrespondingto the
varhtlcm of the compressionshocks. The two pressureUietrlbuticms
at the surPaceof the platefor the hl@eat and lowestReync~
mmiberinvestigatedare plottedin figure25. Reliablepressure

ta wereno longerpossiblefor the lntezmediatesteps.llMasumllMn

B. The totalpreeaurelosses

The totalpreasum losses p. - ~ due to the compression
shockeare plottedin flgure26. As a consequenceof the hl~e~
excessvelocitiesfor the sameWch numberof the free.at.mam
velocitylargershockloaaeaoccurfor the caae of a turbulent
boundarylayer. Ih ccntmst ths pressurelcmseain the sopamted
and greatlythickenedbounda~.layer~ncreaaefor the lamlnar
condition.

Test SeriesTI

“Characterlatlcdata: -

M= 1.279

With turbulencetire:

In th?s test the Uun%ar bounda~ layerIn frontof the ccm-
presslC:.Ishockis tramformedartificiallyintoa turbulent
boundarylayer. Tho t~z”bulence~s producedby meansof a tire
which la stretchedacrossthe auxllla~ plateat the point
x= 12 milddmeters.Dlametsrof the wireand distanceof the wire
from the surfbceof the plateamounttloapprcxlmtd.yO.~ milli-
meter each.

The rosultlngccmrpreaahnshockcan be seem in tha schlieren
photo~ph (fig.27); it haa the samecharacteraa 3n tho case of
naturalturbulence.Withouttur%ulencowire a h-shocksimilarto
the one in test serleaI occurs.
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The k-shock can therefore be avoidedby artificially lnf’h-
endng the boundmy lqver. If the turbulmce is to be produced
by a tire, it.la not necessaryto placethe wireat the nose of
the profile,for 3nsl%nce.’Teal%“hi%g‘dwiimtied” that a turbu-
lencetire of O.2ailllmter thlckneBawhichIS fixsdon the.
surfaceshortlyaheadof the ~in shockalso fulfih @e purpose.
It Is unfavoumbleto plaoothe wire relativdy far aheadof the
shockIn the supersonicregionbecausethenthe tire“ItselfaxL‘
causean obliqueccmpreselcmshock.

It is possibleto producethe turbulenceby stillother
means (forinstance,by an e@ or by blowlngair).

A. The pressuremamn%menta

In figure28 the distributionof the staticpressurefor
variousdistancesfrom the wall la plotted. A pressuredietri-
butlonresultsat the plate surfacesimiJar to thatfor the case of
natuml turbulenceof the bo~mdarylayerbeforetho shock. Outside
of the boundarglayarthe pressuremeasurementsresultUncxpectom
In tEQ strongcompressionsin shortsuccession.m apement with
the pressuremessuromentsths schliarenphotographsshow two shock
linesat thjs location. The firstpressurerice in this “double
shock”amountsto about 17 percentof the subsequentone,and does
not leadto subsonicvelocl~; onlyafterthe secondshocka s~b-
criiicalpressureratiois reached. A smll expens~on takesplace
betweentho two o~ression shocksas canbe seenfrompressure
mc?asmementand t3chlierenPhotograph.Both measuringme+-.hods(RS
in test seriesIII) givea post-expansionfollowi~ the Qecond
compression.Hers also thispost.expansicmfallsoff with increasi~
distancefromthe wall and 1s no longerpresentoutside
Of Z = 80 ?llillilneters.

Twc such compression shocks in shortsuccessionwere also
observedfor the caseof naturalturbulenceof the bounda~
~er. (Seefig. 22.) For qertainconditi.ausIt Is ELIEOpossible
that the first.smallshockextendsonly overa fzmctionof #e
totalshockex’tentIn z-direction.(Seetest seriesVII.) It
starts,however,In all casesobservedin the supersonicregionof
the frlctlonlayer. .

Presumbly this ‘dcnhfleshocti’repwsents a condensation
@ enmenon. It was possibleto cal:$m~tef- humiditymeasure-
ments thatfor he pressureratio p/ ~ = 0.52approximtolythe
satmtlon condition(Icefoncation)h]Ic Is zmached. At any
mte it doesnot seempossibleto explainthe first (almst) no-l
shockwhichleedsfrom supmwxnlc to superscmlcby ~ of the-
ordinaryshockequations.
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B. The behavlour of the boundazT layer

Wom the measurements there results a %ehavlourof the
boundarylayersimilarto the one h test HeriesIII (natu=l
turbclsrs?19). FeT:GrRlchalacteriaticvelocityprofilesare
rO ~~~.~t.~din figurO29.
~.?

h figure30 the behavlourof @ and
as ranctio= of x oan bh men.

The hotuuiW’S ~er oen overoomethe pressurer:sewithout
the occurrenceof reve~sedfnow. As in the case Of ~tu~l
turbulence,also hmle a ~11 o-oltquecompressionshocknear the
wall app9aYstiichmeets th~min shockat a distancefnxn the
-11 of apgroxizatoly10 mllUmeters.

C. The shock loss

The shock loss PO - q In the cmqn-esslonshockIs
plattedin flguxe31. Its adwvlour as well as the absolute
valuesarc similar to thoseof test smles III.

Test Series VII

Charaotefi.sticda+a:

M = 1.?06

Boundary hyer: turbulent

A. The pressuremcasuremen<.s

The distztibut.ion of the staticmressureat variousdistances
from the wall is l~lot.tedin f@.me 33.

For th~s pr,jssd~ e@n a maker pressuregradientthan in
undlsturlwdflew resultsat the w 11. Outsideof the boundc~
layerthe ccuqn:asGhntakesplaceup to a distanoefrcm the wall “
of z .75 nilllmutersby nwansof two shocksin shortsuccession.
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The oompremlon in the $lrs.tshp~ 18 essentially~ller than the
one of the secondshock. Betweenthe”t% cahpi%sshn shooks“a
slightexpansiontakesplace. This hehavlouris similarto the
behaviourascertainedin test sez%esVI (turbulencetire),with
the dlfference,however,thatnow outsideof a certaindistance
frcm the wall the ccmqmesslcmtakesplaceIn a sh@e shook.

Pressure measurementts aid schlierenphotogmphs showgood .
agrecmnt here also. Anotherweak compressionllneis present
in the schllerenphoto~phs aheadof the shockwhich Is an
effectof the sidewalls.

Behindthe compressionshockan erpe.nelcmwhlohdecreases
with lnc~aing distancefrom the wall ta&m placeas In ether
tests.

B. The behavlourof the boundaq layer

Sevezmlchamacterlsticboundsry.layerprofilesam ‘plotted
in figure34. The courseof 8* and N* can be seenfrom
fIgure35. Raversedflow of tho bounda~ layerdoesnot occurat
any point. Ihdeto thepressurerisethe bounda~ layerIe
thickened;sepanat.londoesnot occur.

C. The rressurolossIn the shock

The pi~ss~~ 10SS causedby the comprosslon~ook -S measured
at th point x . 70 ml1lf~ters as a function of the ~s~e ~
the wail, (Seofig. 36.) The dl.strlbutlonis similarto the one
In the othertest seriesfor turbulentbounda~ layeraheadof the
shock,

1. The flowphenomenadependessent.lallyon whetheror not the
flow of tho bwnda~ layeraheadof the shockIs lamlnaror
turbulent.

2. For’lcm-r bounda~ layerand for hch numbersnot far
exceed~ 1, mltzple ehooksoccurwhichdecreasein nrciberwhen
tho vsloci~ Ie inc~sed. Finallya simple k-shockIs reached.

3. .Tho X-shook conststsessentiallyof a norml min shock
with a precedingobliquecaupresslcnshock. In frontof the =In
shockthe flowof the boundazglayeris stilllamlnar;the reversed

.- ---- . .
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flow In the pro-ty of tie wall cmwes a largeincreaseof the
displacementthicknessin the d.lremtlonof the flowwhich is found
to be In goodagreementwith the deflectionof the supersonicflow
by the obliqueshock. Behindthe main shockthe boundam layerIs
turbulent.

4. Turbulentbounds-rylayersgive onlynormalshocks,tide-
pendentof the Reynoldsand Mach numbers. It doesnot matter
whetherthe boundarv. layerbecomesturbulentnatumlly (for
instanceby Increaseof theReynoldFJnumber)or ertiflclally(with\

disturbeme wire).

5. The displacementthlolmessof the boundmy layerhcreaaes
considemblycm goingthroughtho shock,Mre so for laminarthan
for turbulentlayers.

6. Behindthe mti shock+Ae pressurefallsoff rapidlyat
someplaces. It neomathatthis 5’act.is by ho meansdue to
errors in meaeuremnnt.but that thlsfallf~ off can be explained
frm the behavierd? frictlonleau @s flawsby quick
pressuread$.dxnontsof Wffercncm In th3 flow titmnsi@ $zst
under sonicvolocit.y.(Ccmparetho followlngnoto.) -

7. l’olmtioneof ncrml doutlsshockscloseto eachother
hkvebeen observed in the schliorenpho’to{yaphmd It was
detetined by mannaof pessn?w mesa’mummts thatthlGphenomenon
L’6e~ OcCll1’SIn +AC fh. Tt CRIIprobablyb~ connectedwith
ice l?rSCipititiOI1.

8. Compcredwith the strongpressurerise in the shock
outnid~of the bounda~ layerthe prussuroriseat tho wall.tdms
placeumch more gradually.fi cormectjon with it p~5Slll%
gradientspe~endicularto the wa12 otighate in the region%here
the shockbonleraon tho wall;thesegradientsare also tisible
f~ the ~hllerm photogmph.

Rlw@Ks COIi~ THE FIULUW2 (NT OF

PmSSm?E BmmD m Mmv SM’CK

Y?orthe pressuredistributionat the distancefrcuntho
wall z = 15, 30, and 45 millimeters(fi~.17] a strongexpansion
was observedimmediatelybehindthe ccaupressionshock. These pres~
distrlbuthnswere plottedsq?aratively~n figure37; the theoretical
finalpressuresbeh~ndthe shockresultlngfrom the ccmditionbefore
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the shockaooomllng to the shockequations
oaloulatedvalueashow~od agreementwith

“ behti the”shock,that 1s,-.ti -t of-the-

ware also plotted. The
the mmmred pressure
milmequext. ew+n@m,.

..

The “post-expansion”decreaseswith InoreaaingMstanoe fmm
the wall. For z = 60 millimetersand z = 75 mtl.llmietersthe
theoretical-1” pressurebehfndthe shookis h mwCller‘then.
the one thatwaa observed. (Seefig. 37.) Thls fhct suggmte “
thata “peat-ocxtpression”takesplaceherewhichis very strong,
llke the post-expansion,so that it has a f3teepnet3sof a similar
orderof.mgnltude as that of the shock itself.

One obtainsa aualdt.ativee~lanetionof thisRhenomnon“If
one takesPmndtl~a-relation -

into

**2 (15)

reapective~,are the velocities

In frontof and behlti-the nozmalshock: a* is the crlttoalsonlo
velocity whlohdepmds only on the sta~thn tempemtureand is
thereforec~tant h the entireflowfield. From (15) follows
thatthe greaterthe superscmicvelocityin frontOZ the.shock,the
smallerbecomesthe subsonicvelocitybehindthe shock.

For the presenttastsa llmitedeuuersonicregionWs produced
by sllghtcurvatureof the plate. Alonga Ilneperpendicularto
the p~te the supersonicvelocitytill decreasenmre and mm with
Increasingdlstanoofrom the wnll;apmt from the lmundag layer
one findsthe hi@est velocityIn the inmmdlateproxlmltyof the
wall. If now a norml shockexlstein this supersonicregion,
thereresultsacoordingto PmndtlSs equation(15)the mmllest
subsonlovelocityIn the proxlmltyof the wall;the veldcitybehind
the shocktill inoreasewith the distancefrcm the wall. Such a
velocitydlstrlbutlon,however,will certainlybe changedby the
boundaryoondltionswhiohthe ourvedplate@oses on tho flow:
near the wall a post-accelen9thn(thatis, post-empaneion)will “
takeplace;on the otherhandat a largerdistancefrom the wall a
pos$-dooelemtion(thatis, post-ccmrpression)must result.

The strlklngsteepnessof thesepressuredlstrlbutloneis at
leastpartlyeqlalned by the conrpressibl13&of the flow. It
s.eegnsthat ~sturbaqoesh the longitudinalvelooityas they exist
here dle offmu~”faster in the cc@resstblethan in-enincau-
pmssible flow. As a Slmpaleexamplethe potentialflow for parallel
motlcmwith a smll perlodlcdlsturbanoeof the velocity [and
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therefore dLBo of the” pmmdure)“IsInvesti@ted. At a point x = O ‘
let the dependence of the .longltudlnal velocity ~ m the dlstanoe
fram the WUH- E “(fig. 38) %e: “ .

. ..” “wx”3wo+Aw W0~

...
(3.6)

.

Aw Is the ‘~li tudeln t the “wavelength”of the disturbance.

Similarto the pzmcedum.in’the investl@tlonof a slightly
uavy wallwith pam12el flow the flow is firstre~rded as lnmm-
pressibleand~compressibilitytakenIntoaccountafterwardsby
applioatlcmof I%mdtlls ti-ie.For the Inccmrpressllileeasethe
conditionof the lxapoaedvelocltydlatrlbutionIS fulfilled~ the
potential’c

from Whlohfo*:

2flz-T
‘x = W. + AW cm ~.e

‘z = Aw

If one seeks‘thecorrespcmdlng

sin

0

2Ycze--T--—
t

(17(a)).

(17(b)) ~

.

as a solutionof the linearized
potentialequationfor cmpru~sibleflow,that”1s, of the equation.

. .

. .

#W ;* -
(l- M2)—

axe aza = 0
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“with M = lfo/a,
. .

one oqn see frcm W’form
.

that in the Inmmpressiblepotential(17) z -% be replaoed

.?.I!Z -
.*Z C-iF t

te
(18)

= W. + Aw 00s ~mdme-~
‘x t

--—

(lB(a))

(18(b))

For x = O one obtiinsfrcm (18(a))
distributionwith the sameaqll.tude

Therefore,one equates */J- =
become

the superlmpoaedveloolty
but tith ohan@ wave len@.

t*; therewith Wx ad, w=

* . . ..

.-

—— .. . . . —.-. . . ..-. . . .

(19(a))

(1;(b) )
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A comparlaonof the velocitlea(17)and (19)showsthat the
disturbancesof the pazzOlelflowfall off veryrapidlydownstream
when the Wch nwiberapproaches1.

It was assumedthatthe disturbancescan be derivedfrcuna
potential,that 1s, thatan excessin pressurecorrespondsto a
lackof velocltyand vice versa. TMs assumptiontill not be
emactly fulfilledbehinda shockdue to the shocklosses,that 1s,
becauseof the deviationfromthe mliabctic change
shock. Tor the presentweak shocks,however,this
theseconsidemationenegligible.

. Quantltqtivol.ytho rule is that,for pamllel
.—

In stitein the
deviatIon Is for

flow,the

longitudinaldisturbancesfall off 1/~;l- # timessteeper
thanfor the Incompressiblecaso. FOY the complicatedflow
phanomencmbehindthe shockthe aseunmdflow is certainlytoo
slmpllfledto permitquantitativeconclusionsto be drownfrom It,
eventhou@hthe resultsnointin the direotlonof the observed
results. (Seeftg. 39. )

Tmnslated bylfa~yL. Mahler
~atlonalAdviso~ Committee
for Aeronautics
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Genemdly

I’@=
2#2

(k + 1) - (k - 1)#2

XwcATMEo. UL3

Subscript1 or 2 deal-the vnluein frontof or behindthe
shock. TlieadiabaticstagnationpressuresIn fnnt of the
shock(pol) and behindthe shock (Do ) are mt aqusl:the pit.ct
pressures,however,are equalsincea ~hockdevelcqwIn the super-
sonicregionaheadGf tiO pitOtttlbO.(Seefig. 40.)

Therefore: %? = Ppl = ~p2 = ’02

Figure41 ccntainsseveml curveswhich can be used for the
Investi@tim of norml shocks.

I

.
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Figure 1.- Test section. 1. Upper wall of nozzle. 2. Lower wall of nozzle. 3.
4. Minimum cross section. 5. Total pressure tube or static pressure probe.

Auxil.iw plate.
6. Mec&ukm

for adjusting total pressure tube in the z - direction. 7. Mechanism for adjusthg total
pressure tube in the x - direction.
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NACA TM No. 1113

Figure 4.- Schlieren photograph %-shock, compression shock for
lamtiar boudary layer. M = 1.225, Rel =

1.325x106>

Reb** = 440.
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Figure 5.- ~-shock. Distribution of the static pressure at various distances from the wall.
P/P. = f(x) ~.
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Figure 6.- ~-shock. Distribution of the static pressure as a
function of the distance from the wall.
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NACA TM No. 1113 Fig. 8

~

‘~ Figure 8.- Schlieren photograph and pressure distribution on a wing
),, ; profile. M(of the free stream velocity) = 0.82. d/t = 10%,

~!j a= 2e60, ~a = 0.268, Ret—350000.
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Fluctuations in pressure are indicated by dots with cross, regions -
of fluctuations by arrows.
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and the momentum thickness 6** of the boundary layer.
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11. - X-shock. Total pressure loss in the compression
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I Figure 12. - Schlieren photographs. Laminar boundary layer in front of the shock. Variation of the
Mach number for constant Reynolds number; ReZ -1.325 x 106.
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Figure 13. - Pressure distribution at the plate surface for X-shocks forvarious Mach numbers.
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Figure 14. - X-shock. M = 1.191. Schlieren photograph and distribution

of the static pressure at the plate surface and at 20 mm distance from
the plate.
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-Figure 15. - Schlieren photograph and pressure distribution on a wing
profile. M (of the free stream velocity) = 0.845. d/t = 10%,

a = -1.6°, Ca = 0.067, Ret- 350000.

. .. . . .
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Figure 16. - Schlieren photograph. Compression shock for turbulent
boundary layer. M = 1.322, Ret = 2.63 x 106 Re **

9 = 1478. “
6
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Figure 17.- Turbulent boundary layer in front of the compression shock. Pressure distribution
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Figure 20. - Distribution of the displacement thickness 6*, the momentum
thickness 5 ** and the shear stresses at the wall T~. M = 1.322,

ReL = 2:63 x 106, Re ~ ** = 1478.
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Figure 22. -
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Schlieren
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photograph. Influence of the Mach number—
on the compression ‘shock for turbulent boundary layer.
Re ~2.7x 6-constant.
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Figure 23. - Influence of the Mach number on the compression shock for turbulent boundary
layer. Pressure distribution on the plate surface for 3 different Mach numbers.
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Figure 24. - ,Schlieren photograph. Influence of the Reynolds number onthecompression shock for
constant Mach number, of the free stream velocity with respect to the plate. Upper row: Schlieren
knife-edge vertical. Lower row: Schlieren knife-edge horizontal
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Figure 26. - Ihfluence of the Reynolds number on the compression
shock for constant Mach number of the free stream velocity
with respect to the plate. Total pressure loss behind the
compression shock.
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Figure 27. - Schlieren
compression shock
Rez= 1.69 X 106,

photograph. Turbulence wire ahead of

Fig. 27

the
at the leading edge cd the plate. M = 1.28,
Re b** = 1159.
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Figure 29. - Boundary layer profiles. M* = f(z)x. M = 1.279,

Rel= 1.69 x 106, Reb ** = 1159. Turbulence wire at
x = 12 mm.
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Figure 30. - Distribution of the displacement thickness 8 * and the
momentum thickness 5 ** of the boundary layer. M = 1.279,
ReZ= 1.69 x 106, Re5X* = 1159. Turbulence wire at

x= 12 mm.
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Figure 31. - Total pressure loss in the compression shock. Turbu-
lence wire at x = 12 mm.
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Figure 32. - Schlieren photograph. Compression shock for thick
turbulent boundary layer. M = 1.30, Re 5** = 2315.
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Figure 33. - Compression shock for thick turbulent boundary layer.
M= 1;31, Re6 ** = 2315.. Distribution of the static pressure
at various distances from the wall (x = O without Wxiliary plate
corresponds to x = 158 mm with auxiliary plate).
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Figure 35. - Displacement thickness 5 * fid momentum thickness 5 **
for the case of thick turbulent boundary layer in front of the shock.
M = 1.30; Re5 ** = 2315.
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Figure 36. - Shock loss in the case of thick turbulent boundary layer
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Figure 37. - Distribution of the static pressure through the shock
at various distances from the plate. The dashed lines indicate
the theoretical value of the final pressure in the compression
shock. Segments of the pressure distribution on the plate
surface are also plotted. (Solid dots ).
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Figure 38. - Superimposed velocity distribution
disturbed parallel flow.
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Figure 39. - Falling off of perturbations with the measured “wave

-. lengthn t*s 200 mm as basis. (a) exponential falling off for
incompressible flow; (b) exponential falling off for compressible
flow at the measured mean Mach number M = 0.87; (c) measured ‘
values with the most closely approximating exponential curve.
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Figure 40. - Designation of the pressures at the normal compression
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Figure 41. - Normal shock. k = 1.4.


